The reading strategies in individuals with central scotomas and more than one preferred retinal locus (PRL) were investigated using a scanning laser ophthalmoscope in order to understand the visual requirements that lead to the need to use more than one PRL during reading. It was found that: (1) PRL function can be deduced from variation in PRL usage for different size and length of isolated words; (2) each subject used two or more PRL to accomplish the functions of global viewing and discrimination, suggesting that these are two of the minimum requirements for reading; (3) reading strategies can change depending on the position of words in visual space; (4) line-changing strategies can revert to horizontal and vertical component movements. These findings have implications for improving reading performance through training in patients with central scotomas.
Introduction
It has previously been observed that patients with a central scotoma frequently develop, with time and practice, an eccentric area of fixation (von Noorden & Mackensen, 1962) commonly referred to as a preferred retinal locus (PRL) (also described as a ''pseudo-fovea'' (Cummings, Whittaker, Watson, & Budd, 1985) ). In order to accomplish a visual task, fixation must be directed towards this PRL and objects of interest held on this retinal area. The patient should also be able to perform smooth pursuit movements and saccades using this retinal location as a reference Schuchard, Fletcher, & Maino, 1994) . The PRL is also essential for inspecting the visual surroundings and for accomplishing tasks requiring discrimination of fine detail such as reading. It has previously been established that some people with central scotomas use more than one PRL during reading, for example, in order to alternately have a global view of text with one PRL and to discriminate one or two letters more precisely using another PRL Safran, Duret, Issenhuth, & Mermoud, 1999) .
Reading with the peripheral part of the visual field, the task accomplished by patients with an absolute central scotoma, is different from reading with the fovea not only because the visual acuity is lower than at the fovea but also because adaptation of the oculomotor system is necessary to accurately search for, position and stabilise text at a non-foveal location (Heinen & Skavenski, 1992) . For these patients, learning to be aware of and to precisely control their eye movements is very important for the optimal use of the PRL and for the possibility of using additional PRL as part of an efficient reading strategy, as shown in a previous study .
The choice of the position for the PRL is still not well understood as it seems apparent that the selection of a particular eccentric retinal location does not follow simple rules. At present, factors understood to have considerable influence in that decision include the following: the visual acuity, the size of the immediate visual field, the obstructive aspect of the scotoma, its proximity of the fovea, as well as the correspondence in binocular vision and topographical variation in sustained attention (Altpeter, Mackeben, & Trauzettel-Klosinski, 2000; .
In previous studies, we reported the well-developed reading pattern for isolated words in two patients with bilateral central scotomas and for reading of paragraphed text in one of these patients . Their reading strategies were based on the structured combined use of different PRL. For the patient reported in both studies, these strategies involved the use of three distinct PRL situated respectively above, to the left, and to the right (on the retina) of the macular lesion. The superior PRL was used for the global viewing of words, whereas the left and right PRL were consistently used to improve letter discrimination at the beginning and at the end of the word, respectively, when required. The second patient reported by Duret et al. (1999) (Patient 2) showed a combined use of two PRL for reading words, one for global viewing (superior PRL) and one for discrimination (left PRL).
Here we investigate the characteristics of reading words and paragraphed text in additional patients with central scotomas, similar visual acuity loss, central visual field alteration, and multiple PRL. We discussed in detail the reading strategies of five patients in order to identify common principles of PRL use across individuals with multiple PRL during the reading task. Finding common features between reading strategies of different people with central scotomas is essential for understanding the rules governing how the position of PRL are chosen and the visual requirements for reading which lead to the need to use more than one PRL during reading. The aim of this study was to determine whether the strategies identified could serve as a guide both for future investigations and for the design of structured rehabilitation techniques for such patients.
Methods

Subjects
In all, the reading strategies for words and paragraphed text in five patients with central scotomas (three patients with StargardtÕs disease: CR, LL, IGH and two patients with AMD: PM and AA) were studied here.
Data from two of these patients, CR and PM, have previously been reported Safran et al., 1999 ) but a full analysis of their reading strategy is included here for comparison with other examined patients. All patients gave their informed consent for procedures and testing methods, all of which had been accepted by the local ethical committee for human experimentation. The clinical characteristics of each patient included in the study are shown in Table 1 .
Instrumentation and analysis procedure
A scanning laser ophthalmoscope (SLO, Rodenstock, Germany) was used in conjunction with a program developed in our laboratory for projecting letters, words or paragraphed texts directly onto the ocular fundus. Words containing 1, 2, 5, or 10 letters were presented to each patient in the following eight character sizes: 0.5°, 0.6°, 0.7°, 0.9°, 1.1°, 1.5°, 1.8°, 2.25°. For the two patients reported in previous studies, character size varied from 0.5°to 1.8°. Images of the ocular fundus and the superimposed words, obtained during the reading tasks were recorded onto a U-matic videotape, at a frequency of 25 frames/s. Images were digitised and the eye movements were automatically extracted by comparing the shift in image position frame by frame. This was accomplished using software developed in our laboratory. The precision of each analysis of eye movement sequence was manually verified afterwards. We then superimposed a picture of the scotoma drawn from the results of the scotometry test. This enabled us to have successive fixation positions, presented as ''cartoons'' of the ocular movements.
Examination procedure
The examination procedure included two sessions. During the first session, we mapped the central scotoma using an SLO scotometry program (Scotometry 3.0, Rodenstock, Germany). The second session was used to evaluate the eye movement behaviour during oral reading of single letters, words, and paragraphed text. The words were projected in a random order onto the retina using the SLO. All character sizes in the list of 32 words were presented to each patient, followed by a The diameter of the scotoma was estimated in relation to the diameter of the optic disc.
second list of 20 words with the smallest character size which had been adapted to the visual acuity and reading capacity of the patient. Next, a paragraphed text was projected with letter size decreasing from 2.25°to the smallest size the patient could read. We then analysed the videotape, as described above. In order to better understand PRL function, we also asked the patients, after the recording session, some precise questions about their oculomotor behaviour. This was achieved by training the patients to alternately use their PRL and then asking them what visual information they gained by using each PRL.
Results
Analysis was aimed at addressing four main points: the determination of the number of PRL used, the strategies for reading isolated letters and words, the strategies for reading text, and the strategies for changing lines during paragraphed text reading. PRL were defined as consistently used discrete, non-overlapping retinal areas in which letters and/or words were positioned for fixation durations greater than 100 ms. From these points and from the responses of the patients to our questions, we were able to hypothesise a function for each PRL.
Number and location of PRL used
All patients were observed to use multiple PRL during isolated word and text reading. Within the stimulus set, between two and four PRL (inclusive) were used by each patient. PRL were found in all four cardinal directions (left, right, superior and inferior) from the centre of the macular lesion (and therefore central scotoma) across all patients. The number of PRL and their positions relative to the retinal lesion for each patient is illustrated in Fig. 1. 
Strategy for reading isolated words
Overall, the usage of each PRL during isolated letter and word reading was observed to depend on character size and word length. The number and location of the PRL used for reading isolated words corresponded to the number and location of PRL for reading text in all patients. Nevertheless, for the reading of an isolated letter or word, all the PRL were rarely used in combination. We observed in these instances the use of any PRL, or any two out of three or four PRL for reading different letters or words. Occasionally we noted the use of three PRL to read a single word. The analysis of the reading pattern for the isolated words allowed us to define all the PRL that we observed later during paragraphed text reading.
Included in the total number of PRL used by each patient were PRL that could provide an uninterrupted lateral view of words (left to right) and PRL that were laterally adjacent, left or right, to the retinal lesion (see Fig. 1 ). From analysis of the reading pattern of all isolated letters and words, the strategies used could be classified into two main groups, each including patients showing a similar pattern for reading. The first group included three patients, CR, PM and AA, and the second group the remaining two patients, LL and IGH (both with StargardtÕs disease).
3.2.1. Group 1--PRL used are independent of character size
The three patients in the first group used similar strategies for reading isolated words, even though their PRL were not located at corresponding positions and even though they had considerably different scotoma shapes. Patient CR consistently used his superior PRL (above the retinal lesion) in combination with either the right PRL or the left PRL, and less frequently both, in order to read the full range of letters and words . Therefore CRÕs strategy did not appear to change systematically according to character size or word length. Patient PM showed two different strategies depending on the length, in number of letters, of the stimuli yet not character size. He used the left PRL alone for short words, and a combination of his two PRL for long words. Patient AA developed the largest number of PRL. He also used them differently for short and long words. For reading short words he combined the lower PRL, less frequently the upper PRL, with either the upper-left or lower-left PRL. For reading longer words (five or ten letters), the lower PRL was used almost exclusively. Occasionally the upper and lower PRL were used in combination to read an isolated word. An example of this strategy is shown in Fig. 2. 
Group 2--PRL used changes according to character size
The second group used a strategy based on two different levels of vertical eccentricities: the first level included the superior PRL and the second level the left and right PRL (see Fig. 1 ). In this group, long words (5 and 10 letters) that were of large character size (2.25°for LL; 1.8°and 2.25°for IGH), were read across the scotoma (lower level), by combining the left and right PRL, whereas words that were of small character size (all word lengths) were placed above the scotoma on the superior PRL (see Fig. 1 ). Large short words, of one or two letters exclusively, were read using either the left, the right or occasionally the superior PRL (rarely using two of these PRL in combination). Thus the upper level was used either for short words of large character size or for words of small character size. In the latter case, too many letters (compared to long words of large character size) would have been hidden by the scotoma for accurate reading if the lower level were used. Indeed, when asked to describe how they read words of differing character size, both patients in this group reported that they looked further up in visual space, positioning words further below their central scotoma (upper level) to read small and/or short words of different character sizes. Also, both patients reported that they preferred to use the lower level to read and reverted to the upper level if they had difficulty using the lower level, principally because it was ''more tiring'' (to fixate more eccentrically) to use the upper level continuously. Therefore these two patients showed considerable similarities in their pattern of isolated word reading, firstly because their PRL were identically located and secondly because they used them in exactly the same way. An illustration of the two levels used for this strategy is shown in Fig. 3. 
Strategy for reading paragraphed texts
Data from only four of the five patients are reported here as patient PM was unavailable for the text-reading part of the study.
Patient CR (Group 1 for isolated letter/word reading) read most of the text with the right PRL. Only when a word was rather difficult to read did he switch between the three PRL for gaining more detailed information, in order to decipher the word.
Patient AA (Group 1 for isolated letter/word reading) used a more complex strategy, yet a very efficient one. Interestingly, his strategy changed as a function of the vertical position of the text in visual space. For the first three-quarters of the page, he used the lower PRL coupled with the lower-left PRL. For reading the end of the paragraphed text, when the lines were placed down in visual space, patient AA used the superior PRL coupled, in case of difficulties, with the upper-left PRL. The lower PRL was then the most commonly used one. We also noted switches between all the PRL for reading a single word or text but this was quite rare and only in case of great difficulty with a particular word. This strategy is illustrated in Fig. 4 .
Patients IGH and LL (Group 2 for isolated letter/ word reading) showed, as for isolated word reading, similar text-reading strategies. For the largest character sizes used (1.8°, 2.25°for both LL and IGH) the text was predominantly (and preferably according to both patients) read on the lower level using the left and right PRL. Therefore if the text was large enough and words long enough, such that only one or two letters fell on the superior relative scotoma, the line of text was positioned across the relative scotoma and the process of reading was accomplished using the left PRL and the right PRL simultaneously. The upper level (superior PRL) was used almost exclusively for reading text of smaller character size (<1.8°). If deciphering a word in the passage of text proved difficult, both patients scanned the word or an entire line of text several times, either the same way or using the other level, often alternating between different PRL. An example of the use of the two levels while reading paragraphed text is shown in Fig. 5 . The last point we examined for understanding the role of each PRL was the strategy used to find the beginning of the next line of text. Even if strategies were not exactly the same for each patient, it was possible to group them all into two main categories: direct strategies and multi-step strategies.
Direct strategies consisted of immediately finding the beginning of the next line with one movement (from the last fixation position on the line of text just read to the immediately following fixation position at the beginning of the next line of text) as can be seen in normal reading.
In contrast, multi-step strategies consisted of three main phases--the return along the line just read, an eye movement down in visual space relative to the text to reach the next line (upward shift of the SLO retinal image relative to the text), or in the reverse order, and then the placement of one of the patientÕs PRL at the beginning of the line to continue the reading process (Fig. 6 ). This process could be accomplished in two or more steps. These multi-step strategies thus appeared to represent a breakdown of what is seen as a single, smooth movement in normal subjects and patients with a single PRL, into its horizontal and vertical components.
Patients AA, IGH and LL used either a direct strategy or a multi-step strategy while CR used a multi-step strategy exclusively. LL and IGH performed a direct strategy with either their superior PRL or with their left PRL. The same appeared for AA who performed this strategy using the inferior-left PRL or inferior PRL. All the patients (except PM-not included in this analysis) used a multi-step strategy for changing lines at some point, if not exclusively, during paragraphed text reading.
In performing this multi-step strategy CR first made a vertical movement to reach the level of the next line of text using the superior PRL. For that, the superior PRL was positioned at the end of the line of text just read and then placed directly in the same location on the following line. Secondly he used the left PRL to move backwards along the line of text and to find the beginning of the line. Finally he switched from the left to the right PRL and then he was in a position to continue the reading process.
Patient AA performed this in four steps: first he moved backwards to the beginning of the line of text just read with the lower-left PRL. He moved then up with his superior PRL in order to place this PRL at the beginning of the next line of text to read. The two last steps consisted in placing the inferior PRL, which was most commonly used to read a line of text, on the correct position to continue the reading process. For that, he first switched from superior PRL to lower-left PRL (passed by upper-left PRL) and next switched from the lower-left PRL to the inferior PRL.
IGH and LL both accomplished the multi-step strategies in two different ways: either they first made the horizontal backward movement (return to the beginning of the line) with the left PRL followed by the vertical movement (positioning on the next line of text) with Fig. 3 . Illustration of the two vertical levels used by patient IGH for reading words, ''d e ecouverte'' (discovery)--1.8°in size et ''discipline'' (discipline)--0.9°in size. In the left column of pictures, the word is large enough to be read using the left and right PRL combined. The existence of two distinct, laterally positioned PRL instead of one extending horizontally across the scotoma was confirmed by the analysis of the short words (not illustrated here, in which the left or right PRL were used independently to read individual words) and from the observations reported by the patients during questioning. In the right column the word is smaller in character size, which resulted in use of the superior PRL alone. The first picture of the reading pattern in each case is the upper picture. Note that only consecutive changes in fixation position are shown. The time and the corresponding frame-number from the video tape recording are indicated on each picture. The pictures shown represent a time period of 3.4 s for the word ''d e ecouverte'' and of 1.8 s for the word ''discipline' '. superior PRL or in the reverse order (vertical movement followed by horizontal movement). Therefore in all cases line-changing using multi-step strategies involved a vertical movement to the next line of text and a horizontal movement to return to the beginning of a line of the text.
Discussion
PRL function can be deduced from pattern of PRL usage
PRL usage was observed to be variable, both between different patients and within the same patient, for isolated letters and words differing in character size and word length. Indeed, the maximum number of PRL were not used for each isolated letter/word, and different combinations of PRL were used for the reading of different words. The different usage of PRL for different isolated words was observed to be structured (i.e. not random) according to the characteristics of each word (character size and word length). The pattern of strategies used for reading words enabled the function of each PRL to be determined, in terms of spatial resolution or global viewing. Therefore more than one type of stimulus is necessary to localise and completely understand the role of each PRL.
For patient CR, as reported in the previous article , the left and the right PRL were used when detailed discrimination was required. The left PRL was used to read the beginning of words (information in the left of the visual space) and the right PRL for the end of words respectively. The superior PRL was used for obtaining a global view of the word . The opposite however was true for patient LL and patient IGH. In these subjects the right and left PRL were used for global viewing and the superior PRL was used for the task of discrimination. Thus PRL function and usage does not depend solely on the position of the PRL in relation to the scotoma. An explanation for the different use of these two levels is that the lower level was used only if the number of letters hidden by the scotoma, or poorly visualised in the relative scotoma, was small (two or three letters) such that the missing letters did not prevent the comprehension of the word and the correct reading process otherwise the upper level was used.
As previously reported , PM used his left PRL for detailed discrimination during isolatedword reading and his superior PRL for global viewing of words.
Finally, patient AA (four PRL) could be seen to use basically the same strategy as PM (two PRL), one PRL for detailed discrimination used in combination with one PRL for global viewing, but which was replicated. AA used one pair of PRL for reading the stimuli lower in visual space (inferior and lower-left PRL) and one pair for the stimuli in upper visual space (superior and upper-left PRL). From analysing the pattern of single word reading, we could deduce that AA had two PRL for discrimination, the superior-left and the inferior-left which were rarely used together, and two for global viewing, the superior and inferior PRL, which were also rarely used together for the same stimulus. Thus the combined use of two PRL, in this patient, varied in relation with the position where the stimulus appeared in visual space (see Fig. 5 ). This new finding will be an important issue in future research and in the evaluation of reading performance in patients with central scotomas.
Factors influencing development of PRL location and function
Several factors, such as the shape and size of the scotoma and the topographical variation in both visual acuity and peripheral attention, might influence the location at which a PRL develops and consequently have an effect on the reading strategies used in each patient. Concerning the effect of scotoma shape on reading strategy, we noted that the three patients with StargardtÕs disease had globally the same shape and size of scotoma, and consequently they all had their PRL positioned at approximately the same location relative to the scotoma. However, the shape of the scotoma did not enable us to deduce the presumed function of each PRL as evidenced by the two different strategies used by LL, IGH and CR.
The size of the scotoma might also have an influence on the number of PRL. This was evidenced by the fact that the patient with the largest scotoma (PM) had two PRL, while the other patients with smaller scotomas had three or four PRL. However a larger study specifically documenting scotoma size and location vs incidence and location of multiple PRL would be needed to confirm this. In the cases of patient LL and patient IGH, the relatively small horizontal extent of the scotoma permitted the combined use of the left and the right PRL for performing the reading task without missing too much information. The principle of this strategy was confirmed by both patients during the training session of the study in which they were trained to become aware of, and subsequently explain themselves, the ways in which they moved their eyes during reading. Finally, patient AA whose scotoma was relatively small, approximately rectangular and placed right in the centre of the retina, showed four different PRL, which were not proportionately spaced around the scotoma. There was no PRL to the right of the scotoma. This is consistent with the observations already reported for AMD patients in general--that the position on the left of the scotoma in visual space is more often used as a PRL than the position on the right (Guez, Le Gargasson, Rigaudi e ere, & OÕReagan, 1993; Suness, Applegate, Haselwood, & Rubin, 1996; Trauzettel-Klosinski & Tornow, 1996) .
The variation in visual acuity outside the scotoma seemed to influence the position and the development of PRL. To investigate this further, we measured the spatial resolution with the SLO and a tumbling E program (visumetry 3.0, Rodenstock, Germany), at four locations adjacent to and around the retinal lesion (superior, inferior, left and right) in patient IGH. The retinal area with the best spatial resolution (0.08 decimal acuity) was above the retinal lesion, which was where the patient had spontaneously developed a PRL (the superior PRL Fig. 6 . A multi-step strategy for line changing is illustrated here for patient IGH. 1 and 2: the last word of the previous line is read, 3: the horizontal movement backwards along the line just read, 4: the vertical movement to the next line and 5: the reading process continues. Note that these are consecutive eye movements and that no inference about which PRL is used during each movement is needed to clearly see the strategy.
for IGH in Fig. 1 ). This area was used for reading the smallest words in the stimulus set, which therefore indicated that it was used for detailed discrimination tasks. The retinal areas to the right, left and inferior to the retinal lesion had the same spatial resolution (0.063 decimal acuity). For this patient there was an apparent relationship between the function of the PRL and the level of acuity measured on each PRL.
It is interesting to consider the differential use of each PRL by LL and IGH. They both used their superior PRL for tasks requiring detailed discrimination. It seemed surprising then, that this most eccentric PRL provided the best discrimination capacities. As the development of StargardtÕs disease is progressive, and the resulting shape of the scotoma is approximately round, the fovea is presumably situated very close to the middle of the scotoma in these patients. However, for IGH and LL, the more eccentric PRL seemed to give some resolution advantages, contrary to what one would expect from the fall-off of spatial resolution with retinal eccentricity. Interestingly, patient LL explained that he himself decided to use his inferior visual field after having heard on TV that ''it was possible to reach performance in this field corresponding to 30% of normal foveal vision''. It is possible that the extra eccentricity used to gain resolution was an artefact resulting from his desire to use the inferior visual field. However, an almost identical strategy was observed in patient IGH, who did not voluntarily attempt to use the inferior visual field, suggesting that the strategy used by LL may not have been an artefact. However presumably even if patient LL consciously chose to use an inferior area as a PRL, if this area was not efficient it would have been abandoned.
During the isolated word-reading task, the place where the word first appeared in visual space seemed to have an influence on the strategies adopted for reading it, particularly for patient AA. Indeed, the combined use of different PRL by patient AA depended essentially on the vertical position in visual space in which the word appeared. If the word appeared superior to the scotoma, the superior PRL was preferentially used first (otherwise the inferior PRL was used).
The strategy for reading words appeared also to depend on the size of the word, as particularly illustrated in patient LL. In this case, the short words of large character size were read across the scotoma with only the right or the left PRL while long words of large character size were read by joining the left and the right PRL.
Reading with multiple PRL reveals two components of text processing
Our observations indicate that at least two functions need to be accomplished for an efficient reading strategy: the global viewing of words, in which low level text features are probably extracted (e.g. word length, word spacing), and character discrimination. In order to accomplish these two functions, one or more PRL can be used. In the strategies reported here, patient PM showed an efficient strategy based on two PRL, while patient AA showed the most complex strategy based on the combined use of four PRL grouped in two pairs, only one of which was ever observed to be used at a time in a single segment of text. In this way he used a strategy analogous to that used by patient PM. Nevertheless patient AA showed a differential use of each pair of PRL depending on the vertical position of the text in the visual space. One pair was used for text positioned higher in the visual space and the other for text lower in the visual space.
Strategy for changing lines in patients with multiple PRL reveals horizontal and vertical components
The two line-changing strategies observed in the four patients included in the paragraphed text-reading section of the study have important implications, for both understanding reading strategies in patients with central scotomas and multiple PRL, and normal reading. The direct strategy performed by these patients appeared in no way different from that used by normal subjects during reading. That is, a direct diagonal movement using the same PRL made from the end of one line of text to the beginning of the next. In contrast the multistep strategy appears to represent a breakdown of this diagonal movement into its composite horizontal and vertical movements. It is interesting to note that during the multi-step strategy, each patient used their left PRL (which provided an uninterrupted field of view to the left) and superior PRL (which provided an uninterrupted field of view below the currently fixated line of text) during line-changing, which appears to represent the optimum PRL for each component. This breakdown into horizontal and vertical components suggests that the diagonal movement made in normal subjects while changing lines may be composed of both components which are performed simultaneously. The clear observation of these components in central scotoma patients suggest that either the use of eccentric PRL or the presence of a central visual field defect can prevent these components being combined into a single movement.
Implications of deliberate, combined use of multiple PRL during reading for reading rehabilitation
Based on the reported data, it appears possible to develop more specific rehabilitation programs for people suffering from central scotomas, in particular in patients with AMD. For the most part, these individuals appear to only develop and use one PRL (Fletcher & Schuchard, 1997; Guez et al., 1993; Suness et al., 1996; Trauzettel-Klosinski & Tornow, 1996; Whatham et al., 2001 ), yet have important impairments in the task of reading. As observed in this study, at least two functional requirements must be met by the visual system for an efficient reading of paragraphed text: spatial discrimination and global viewing. Considering the results presented here, we can argue that a contribution to the reading impairment in some patients with central scotomas and a single PRL comes from the fact that the PRL spontaneously developed could represent a compromise between the area of highest spatial resolution and the area with the largest visual span (and perhaps also the eccentricity relative to the fovea). In contrast, individuals who had developed at least two PRL chose the best area according to the precise task that each PRL should perform. Based on the function and use of multiple PRL, as observed in these patients, a rehabilitation strategy for patients with a single PRL could be to train them first to develop a second PRL with complementary functions and second to use it in combination with the existing PRL during reading. In patients with a single PRL, this PRL and the immediate visual field may be used for both functions (as the foveal and parafoveal area in normal subjects). Thus, the determination of the function of spontaneously established PRL, and the measurement of specific visual functions around the scotoma (such as visual acuity, contrast sensitivity and visual span) may permit the identification of locations for additional PRL which could be used in conjunction with the spontaneously developed PRL to enable more efficient reading.
